ABSTRACT In this paper, a simple and compact planar balanced-to-unbalanced in-phase power divider with arbitrary terminated impedances is proposed based on the coupled-line structure and a single grounded resistor. By using the even-/odd-mode analysis and the traditional transmission-line theory, the complete design procedure and analytical equations are obtained to achieve good performances for differentialmode transmission, common-mode suppression, phase difference, arbitrary terminated impedances, and isolation. For demonstration, two different prototypes with 50-to-50 matching and complex impedance transformation are designed, fabricated, and measured. Good agreement can be observed between simulated and measured results.
I. INTRODUCTION
With the rapid development of modern wireless communication and industrial electronics systems, various multifunctional passive/active radio frequency (RF) components have been highly desired for low cost and miniaturization, such as tunable filters [1] , reconfigurable couplers [2] , four-way power dividers [3] , filtering baluns [4] , filtering switches [5] , and Ku-band power amplifiers [6] . However, in the industrial environments many factors involving electromagnetic interference noise and common-mode transmission would result in the performance degradation of the whole systems, especially in high-sensitive applications [7] , [8] . Accordingly, much attention has been extensively paid to the balanced circuits recently due to their inherent high immunity to environmental noises and low electromagnetic interference. These balanced components include balanced sensor [7] , balanced filters [9] , [10] , balanced diplexers [11] , unbalanced-/balanced-to-balanced (UTB/BTB) power dividers (PDs) [12] , [13] , balanced amplifier [14] , and balanced antenna [15] , etc.
Furthermore, balanced-to-unbalanced (BTU) PDs applied in RF/microwave front end play an indispensable role for connecting with the single-ended and balanced circuit simultaneously and dividing one pair of differential-mode signals into two isolated single-ended signals with common-mode suppression. By using the branch lines with open-and shortcircuit stubs, a BTU PD with filtering function is presented in [16] . Nevertheless, the only operating bandwidth of 7.7% is very narrow. In order to further expand the operating bandwidth, the modified two-port coupled lines with open-circuit terminations are utilized to replace the traditional quarter-wavelength transmission lines [17] . But the bulky circuit configuration should be further improved. In addition, based on coupled lines, a compact balanced circuit model is designed in [18] and [19] . Although the aforementioned BTU PDs have achieved various good performances, the out-of-phase characteristic from one differential input to two unbalanced outputs restricts their applications. Compared with the out-of-phase PDs, the in-phase ones have more extensive applications including feeding network, mixer, and power amplifiers, etc. Unfortunately, only two works for in-phase BTU PDs are reported in [20] and [21] so far. In order to realize the in-phase outputs, a new BTU in-phase PD is proposed using a short-ended four-wire coupled line and T-shaped sections [20] . Nevertheless, the complicated circuit structure with several via holes and the slotted ground is difficult for accurate fabrication. Moreover, the port matching is only limited to the 50 , while arbitrary terminated impedances will be a quite important function for low loss and miniaturization without the extra impedance transformer. Recently, an in-phase BTU power divider is achieved by using composite left-and right-handed transmission lines (CLRHTLs) [21] , whereas lumped elements would create parasitic effect at high frequency.
To the authors' knowledge, there is no reported research about BTU PDs integrated with the complex impedance transformation, the highly flat in-phase outputs, and a compact circuit structure up to now. In this paper, a compact BTU PD is proposed based on coupled lines, and it offers the following advantages: i) highly flat in-phase outputs, ii) arbitrary terminated impedances, iii) good common-/conversion-mode suppression, iv) excellent return loss, and v) compact planar structure without any slotted ground and lumped elements. Finally, the complete design procedures, the closed-form equations, and the satisfactory results for the proposed BTU PD are also provided in details. Fig. 1 depicts the circuit model of the proposed BTU impedance-transforming in-phase power divider (ITIPPD), which includes one differential input port A (ports 1 and 2), and two unbalanced output ports 3 and 4. Therefore, the mixed-mode scattering matrix (S mm ) of the differential circuit can be defined as [22] 
II. DESIGN AND ANALYSIS OF BTU PDs
and
where n, p = 3, 4, and the subscripts d, c, and s denote the differential mode, common mode, and single-ended port, respectively. For satisfying the requirement of impedance matching, the equal power division for differential-mode signals, the common-mode suppression, and the isolation, the following conditions should be met:
As shown in Fig. 1 , the ideal circuit configuration of the BTU ITIPPD consists of four cascaded coupled lines (CL1-CL4) and a single grounded resistor R. In order to make the physical ports 1 and 2 out-of-phase at the operating frequency, the electrical length θ 1 of CL1 should be equal to 90 • , while the electrical length θ 3 of CL3 is 180 • for in-phase outputs. Additionally, we assume that the electrical lengths of CL2 and CL4 are both equal to θ (i.e., θ 2 = θ 4 = θ ). Then, the ideal circuit configuration of the BTU ITIPPD in Fig. 1 at the center frequency f 0 can be reasonably divided into the modified even-/odd-mode equivalent circuits shown in Figs For the modified even-mode equivalent circuit in Figs. 2(a) and 2(b), when the electrical length θ 1 of CL1 is 90 • , the input impedances Z Ine11 and Z Ine21 are both equal to zero at f 0 (i.e., short circuit). Hence, the input impedances Z Ine12 and Z Ine22 should be equal to Z Ine2 labeled in Fig. 2(c) . Moreover, since the 180 • electrical length θ 3 of CL3 will not change the impedance transformation at f 0 , the input impedances Z Ine13 = Z Ine14 = Z Ine1 and the input impedances
Accordingly, the modified even-mode equivalent circuit in 
A. EVEN-MODE ANALYSIS
As shown in Fig. 2(c) , the even-mode input impedances can be expressed as
where Z e2 and Z e4 are the even-mode impedances of the CL2 and CL4, respectively. Therefore, in order to realize the port 3 matching, the load impedance Z L (= R L + jX L ) should meet the following condition:
Based on (4) and (5), separating the real and imaginary parts, the even-mode impedances of the CL2 and CL4 can be deduced as
where
B. ODD-MODE ANALYSIS From Fig. 3 (c), the odd-mode input impedances can be expressed as
where Z o2 and Z o4 are the odd-mode impedances of the CL2 and CL4, respectively. Therefore, for the matching of port 1, the source impedance Z S (= R S + jX S ) should meet:
According to (7) and (8), separating the real and imaginary parts, the odd-mode impedances of the CL2 and CL4 can be derived as (9a) and (9b), shown at the bottom of this page, where
From (6) and (9), it can be seen that the even-/odd-mode impedances of CL2 and CL4 can be determined uniquely by selecting reasonable θ and R when the terminated impedances (Z S , Z L ) are known. And the even-/odd-mode impedances of CL1 and CL3 are all the free variables. In order to depict the applicable scope of the complex terminated impedances, Figs. 4 and 5 illustrate the design parameter curves for different terminated impedances, respectively.
In Fig. 4 , the design parameters are determined using MATLAB software based on (6) and (9) . In addition, we assume that the same source impedances Z S is 30 + j10 for facilitating discussion about even-/odd-mode impedances
When load inductance X L increases, the characteristic impedances Z e2 , Z o4 would increase, while the characteristic impedances Z o2 , Z e4 would decrease. Moreover, all the characteristic impedances (Z e2 , Z o2 , Z e4 , Z o4 ) increase with the increasing of load resistance R L . Besides, compared with Figs. 4(a)-4(c), the small electrical length θ is more suitable for small load resistance R L , while the small resistor R is more suitable for the small inductance X L .
In Fig. 5 , the design parameters are calculated using MATLAB. Similarly, we assume that the same load impedances Z L is 90 − j15
for facilitating discussion about even-/odd-mode impedances (Z e2 , Z o2 , Z e4 , Z o4 ) versus source impedance (Z S = R S + jX S ). From Figs. 5(a)-5(c), the even-mode impedances Z e2 , Z e4 will not change with the changing of the source impedance Z S , whereas the odd-mode impedances Z o2 , Z o4 decrease with the increasing of source inductance X S . Additionally, the odd-mode impedances Z o2 , Z o4 increase with the increasing of source resistance R S except for the case in Fig. 5(b) . Compared with Figs. 5(a)-5(c), the small electrical length θ is more suitable for large load resistance R S , while the small resistor R is more suitable for the small inductance X S . Therefore, although the range of complex impedance transformation is limited by the even-/odd-mode impedances of CL2 and CL4, it can be observed that the proposed BTU ITIPPD can still achieve a very wide range of complex impedance transformation by tuning the free variables θ and R based on Figs. 4 and 5. In order to determine the influence of the free variables (θ, R, Z e1 , Z o1 , Z e3 , Z o3 ) on performance of BTU ITIPPD, we plot the relation between S-parameters and free variables using Advanced Design System (ADS) simulated software in Figs. 6 and 7 , respectively. It is quite clear that the differential-mode responses (|S ddAA |, |S sd3A |) have no obvious relationship with R from Fig. 6(a) . The better isolation between output ports is achieved as R increases, while larger R can reduce the bandwidth of common-mode suppression from Fig. 6(b) . Moreover, too small and overlarge R both attenuate the flatness of output phase difference. Furthermore, larger θ can simultaneously improve the isolation and phase difference between output ports, but the differential-/ common-mode bandwidth would be decreased. Based on (6), (9) , and Fig. 6(c) , even though the R and θ can be used to improve the performance, the coupling coefficient k i [k i = (Z ei − Z oi )/(Z ei + Z oi )] of CL2 and CL4 changes with R and θ . Therefore, the reasonable R and θ should be considered in practical fabrication, since the coupling coefficient of coupled lines needs to be less than 0.5 in general.
As shown in Fig. 7 , the influence of the Z e1 , Z o1 , Z e3 , Z o3 , and the corresponding coupling coefficients (k 1 , k 3 ) on performance for the proposed BTU ITIPPD is displayed. The different even-/odd-mode impedances (Z e1 , Z o1 , Z e3 , Z o3 ) and k 1 have little impact on performances, which involves differential-/common-mode responses, isolation, and VOLUME 5, 2017 phase difference. However, the wider bandwidth, higher isolation, and more flat phase difference can be achieved by smaller k 3 . Meanwhile, the common-mode suppression is not affected.
C. DESIGN GUIDELINE
Based on the aforementioned theory and analysis, the complete design guideline can be summarized as follows: 1) Specify the operating center frequency f 0 and the terminated impedances Z S and Z L . 2) Based on the analysis of Fig. 6 , select the reasonable grounded resistor R and electrical length θ according to the design specifications involving the bandwidth, isolation, and common-mode suppression. 3) Then calculate the characteristic impedances (Z e2 , Z o2 , Z e4 , Z o4 ) of CL2 and CL4 using (6) and (9) . If the characteristic impedances of CL2 and CL4 are unsuitable for practical fabrication, please reselect the electrical length θ and the grounded resistor R. 4) Determine the proper characteristic impedances (Z e1 , Z o1 , Z e3 , Z o3 ) of CL1 and CL3. 5) Finally, construct the proposed circuit configuration shown in Fig. 1 .
For further figuring out the proposed design guideline, a design example operated at 2 GHz with detailed calculating process is provided in Fig. 8 . First, we assume that the terminated impedances Z S and Z L are 57.70 + j10.05 and 80.02 − j12.05 , respectively. Note that the desired terminated impedances are determined for considering subsequence experiment due to the existed 50 -transmission lines connected with SMA. Then, the grounded resistor of 50 and electrical length of 80 • are selected, respectively. Based on (6) and (9), the characteristic impedances (Z e2 , Z o2 , Z e4 , Z o4 ) of CL2 and CL4 are calculated as Z e2 = 77.5 , Z o2 = 67.3 , Z e4 = 90.2 , Z o4 = 54.2 . Finally, for obtaining the desired bandwidth, isolation and commonmode suppression, the characteristic impedances (Z e1 , Z o1 , Z e3 , Z o3 ) of CL1 and CL3 are defined as Z e1 = 100 , Z o1 = 50 , Z e3 = 130 , Z o3 = 100 . As shown in Fig. 8 , in the case of |S sd3A | = −3 ± 1 dB, |S sc3A | < −12 dB, |S ddAA | < −15 dB, |S 43 | < −20 dB, and phase difference of 0 • ± 1 • , the relative bandwidth of the proposed BTUFUPD is about 21.5% from 1.85 GHz to 2.28 GHz.
III. SPECIAL CASES AND POTENTIAL APPLICATION A. 50 -TO-50 MATCHING
Based on the proposed circuit structure of BTU ITIPPD, the 50 -to-50 matching is only a special case when θ is equal to 90 • . The corresponding design parameters can be rewritten as
From (10), it can be observed that only two circuit parameters (Z o2 , Z e4 ) need to be calculated during the design process, while other circuit parameters are all the free variables.
B. 50 -TO-COMPLEX IMPEDANCE TRANSFORMATIONS
Since PDs are usually served as the important front-end device in RF/microwave systems, the 50 -to-complex impedance transformations will be an essential function for low loss and miniaturization without the extra impedance transformer. In this paper, the 50 -to-complex impedance transformation is similarly the special case for the proposed BTU ITIPPD when Z e2 = Z o2 = Z e4 = Z o4 . That is if the second coupled line (CL2) and the forth coupled line (CL4) are the identical traditional transmission lines, the proposed BTU ITIPPD can achieve the 50 -to-complex impedance transformations.
C. THE POTENTIAL APPLICATION OF BTU ITIPPD
In modern wireless communication and industrial electronics systems, the balanced components such as filters [9] , [10] , amplifiers [14] , and antennas [15] can be employed in the RF/microwave front end in order to suppress electromagnetic interference noise and common-mode transmission. For example, a monostatic RF system is implemented based on a rat-race microstrip coupler with differential port in [24] for decreasing losses. As shown in Fig. 9 , a simplified transceiver applied in the RF/microwave front end is constructed. The signals received by the balanced antenna are transmitted to the differential filter and low noise amplifier. Then, the transmitted signals with common-mode suppression are divided into two-way isolated single-ended (SE) signals to the digital signal processing (DSP) system by BTU ITIPPD. For the transmitting process, the modulated signals are converted into one-way differential signal using BTU ITIPPD. Next, it is transmitted to the balanced antenna by way of the power amplifier and filter. Therefore, the proposed BTU ITIPPD serves as an essential role for connecting the SE circuit and balanced RF circuit with good common-mode suppression simultaneously.
IV. SIMULATED AND MEASURED RESULTS
In order to further demonstration, two different prototypes with 50 -to-50 matching and complex impedance transformation are designed, fabricated and measured by the vector network analyzer of ROHDE&SCHWARZ ZVA8 on the RO4350B substrate with a relative permittivity of 3.66, a thickness of 0.762 mm, and a loss tangent of 0.0037. Additionally, the electromagnetic simulations are performed by Advanced Design System (ADS). For the Case 1 of 50 -to-50 matching, the circuit parameters are calculated by (10) and listed as: Z e1 = 100 , Z o1 = 70 , Z e2 = 130 , Z o2 = 50 , Z e3 = 80 , Z o3 = 60 , Z e4 = 100 , Z o4 = 70 , θ 1 = θ 2 = θ 4 = 90 • , θ 3 = 180 • , and R = 100 . The corresponding physical dimensions are shown in Fig. 10(a) . From Fig. 11 , the measured |S ddAA | is lower than −10 dB from 1.53 GHz to 2.51 GHz. The |S sd3A | and |S sd4A | are −3.66 dB and −3.64 dB at 2 GHz, respectively. Besides, the VOLUME 5, 2017 measured |S ccAA | is greater than −3 dB from 1.34 GHz to 2.57 GHz, while the |S sc3A | and |S sc4A | are below −10 dB from 1.43 GHz to 2.44 GHz. Additionally, the measured isolation is better than 15 dB within the whole operating band. The measured phase difference of 0 • ± 3 • is from 1.29 GHz to 2.39 GHz.
For the Case 2 of (45 + j10 )-to-(65 + j25 ) impedance transformation, the circuit parameters are calculated based on (6) and (9) as: Z e1 = 100 , Z o1 = 50 , Z e2 = 77.5 ,
• , and R = 50 . The corresponding physical dimensions are shown in Fig. 10(b) . Note that the calculated impedance transformation in (6) and (9) should be (57.70 + j10.05 ) to (80.02 − j12.05 ) due to the existed 50 -transmission lines with electrical length of 31.6715 • (≈8 mm) connected with SMA. From Fig. 12 , the measured |S ddAA | is lower than −10 dB from 1.65 GHz to 2.37 GHz. Moreover, the |S sd3A | and |S sd4A | are −3.767 dB and −3.377 dB at 2 GHz, respectively. The measured |S ccAA | is greater than −3 dB from 1.52 GHz to 2.21 GHz, while the |S sc3A | and |S sc4A | are below −10 dB from 1.57 GHz to 2.17 GHz. Additionally, the measured isolation is better than 10 dB within the whole operating band. The measured phase difference of 0 • ± 3 • is from 1.56 GHz to 2.15 GHz. Therefore, the good agreement between simulation and measurement validate the proposed BTU ITIPPD. The deviations between the simulated and measured results are created by the connector losses, the effect of soldering, and manufacturing errors. Finally, the performance comparison is listed in Table 1 .
In [16] - [19] , the BTU out-of-phase PDs with various performances based on different techniques are designed and discussed, which involves filtering integration using open-/short-circuited stubs [16] or coupled lines [17] and extended bandwidth with coupled-line structure [18] , [19] . However, in most applications, the in-phase PDs are more extensively desired. Unfortunately, there are few works about the BTU in-phase PDs currently. In [20] and [21] , using phase inverter [20] and CLRHTLs with lumped elements [21] achieves the in-phase response, whereas the slotted ground structure and parasitic effect at high frequency cannot be avoided. Differ from the reported BTU in-phase PDs, the proposed one only consists of coupled lines, leading to a simple and compact circuit configuration. Moreover, as shown in Table 1 , the bandwidth of the flat 0 • phase difference is narrow in [20] and [21] . Compared with the recent works, the proposed BTU ITIPPD in this paper owns remarkable advantages including the simple and compact planar circuit structure, wideband isolation, comparable differential-mode transmission and common-mode suppression, especially in flat and wideband in-phase phase difference between output ports, and arbitrary impedance transformation. To the best of authors' knowledge, the proposed BTU ITIPPD in this paper is the first work for balanced components to achieve the flat and wideband in-phase phase difference and complex impedance transformation simultaneously.
V. CONCLUSION
A compact balanced-to-unbalanced in-phase power divider with arbitrary terminated impedances is proposed based on the coupled-line structure and a single grounded resistor, which can achieve the highly flat in-phase outputs with arbitrary complex impedance transformation, ideal ports matching from one differential input to two single-ended outputs, good differential-mode transmission under commonmode noise suppression, and compact planar circuit configuration. Therefore, this power divider can be expected as a candidate applied in the modern wireless/industrial electronics balanced-to-unbalanced circuits and systems. 
